ABSTRACT Corn rootworm larval feeding on corn roots can signiÞcantly reduce grain yield by interfering with photosynthetic rates, limiting the uptake of water and nutrients, and by increasing the plantÕs susceptibility to lodging. Of the techniques developed to measure the efÞcacy of corn rootworm larval control tactics, root damage ratings have generally been adopted as the standard because sampling roots is relatively efÞcient. Historically, the primary scales used for scoring root injury from corn rootworm larval feeding have been the 1Ð 6 and 1Ð9 scales. A critical deÞciency of those scales, however, is that each increase in a root-rating score does not reßect a linear increase in the actual amount of injury to the root system. This results in injury scores that are expressed qualitatively. We developed the node-injury scale to more accurately quantify corn rootworm larval injury based on the proportion of nodal roots that contain feeding injury. With the node-injury scale, the relationship between the numerical scale and the amount of root injury is linear and intuitive. In this article, we describe the node-injury scale, discuss sampling issues to consider when using the scale, and suggest the minimum node-injury score that causes economic damage under varying degrees of environmental stress.
NORTHERN AND WESTERN CORN rootworms, Diabrotica barberi Smith & Lawrence and Diabrotica virgifera virgifera LeConte, respectively, are perennial insect pests of corn, Zea mays L., throughout most regions of the Corn Belt. Larvae are the most damaging stage for these pest species. Larval feeding on the roots can signiÞcantly reduce grain yield by interfering with photosynthetic rates (Godfrey et al. 1993 , Urias-Lopez et al. 2000 , limiting the uptake of water and nutrients (Riedell 1990 , Hou et al. 1997 , and increasing the plantÕs susceptibility to lodging (Levine and OloumiSadeghi 1991) . Larval injury is typically conÞned to the third through the sixth nodes of adventitious root axes of corn because development of these roots coincides with the time of egg hatch and larval development (Riedell 1993) . All three instars feed on root hairs and external cortical tissue (Chiang 1973 , Hou et al. 1997 ). Additionally, larvae create feeding scars by tunneling into and feeding within the cortex of root axes (Strnad and Bergman 1987, Riedell and Kim 1990) . Evidence also suggests that larvae prefer to feed on younger, more succulent roots, often migrating to, and tunneling into the root apexes as they penetrate the soil (Chiang 1973, Strnad and Bergman 1987) .
Because the meristematic region of the developing root is located in the apex, Riedell and Kim (1990) suggested that larval penetration into the nodal root apexes as they entered the soil stopped their elongation and gave these roots the appearance of being pruned.
Techniques developed to measure the efÞcacy of corn rootworm larval control tactics include taking larval counts (Bergman et al. 1981, Weiss and Mayo 1983) , collecting adults as they emerge from the soil (Hein et al. 1985) , root damage ratings (Hills and Peters 1971 , Musick and Suttle 1972 , Mayo 1975 , root size and regrowth ratings (Rogers et al. 1975) , measuring root-pull resistance (Ortman et al. 1968) , recording the percentage of lodged plants (Hill et al. 1948) , and measuring grain yield. The use of these techniques for evaluating insecticide efÞcacy and host plant resistance to corn rootworm larvae in the Þeld has been thoroughly reviewed (Branson 1986 , Mayo 1986 . Of these techniques, root damage ratings have generally been adopted as the standard because sampling roots is relatively efÞcient, and the relationship between larval injury and plant growth characteristics, such as root size, regrowth, root-pull resistance, lodging, and grain yield can be highly variable due to interactions with environmental conditions, soil type, soil moisture, and maize genetics (Mayo 1986) .
Historically, the primary scale used for scoring root injury from corn rootworm larval feeding has been the Iowa 1Ð 6 scale ( Table 1) described by Hills and Peters (1971) . The Iowa 1Ð 6 scale is a 6-point rating scale where the amount of injury contained on a root is classiÞed into one of six categories, ranging from no damage or only a few minor feeding scars (rating of 1) to three or more nodes of roots pruned to within 3.8 cm (1.5 in.) of the stalk (rating of 6). Depending on the study, the minimum root damage rating above which economic reductions in grain yield have been measured has ranged from 2.5 to 3.0 (Turpin et al. 1972 , Stamm et al. 1985 , Foster et al. 1986 , Mayo 1986 .
A critical deÞciency of the Iowa 1Ð 6 scale, however, is that each increase in a root rating score does not reßect a linear increase in the actual amount of injury contained on the root. This inherent deÞciency can make the Iowa 1Ð 6 scale difÞcult for inexperienced root raters to learn, limit interpretation of efÞcacy data presented on the scale, and result in reduced precision in the critical range of root injury (i.e., ranges of 2 and 4 between one root and one node of roots pruned). Accurate quantiÞcation of root injury within this range is critical because this is where economic reductions in grain yield typically begin to occur. Musick and Suttle (1972) addressed this deÞciency by developing a 9-point root-rating scale ( Table 1) that has more rating categories at the low end of the scale. Other researchers subdivide the Iowa 1Ð 6 scale into half units to create a more linear scale and provide increased levels of precision (Mayo 1986) . Even with these modiÞed scales, however, root injury ratings (scores) do not directly quantify the actual amount of injury to the root.
In this article, we describe the node-injury scale (0 Ð3 nodes pruned), for evaluating corn rootworm larval injury to corn roots. We present advantages the node-injury scale has over previously developed rating scales and discuss some statistical issues to consider when using the node-injury scale for evaluating corn rootworm larval injury in small-plot insecticide efÞ-cacy trials. Finally, using data from insecticide efÞcacy experiments conducted in Iowa, we establish the minimum root injury that causes economic damage for the node-injury scale under varying degrees of environmental stress.
Node-Injury Scale
The node-injury scale is used to quantify the amount of corn rootworm larval injury to the nodal root axes of corn ( Table 2 ). The node-injury scores assigned can range from 0.00 to 3.00, depending on the cumulative proportion of a node or nodes that are pruned (Fig. 1) . On the node-injury scale, a root is considered "pruned" if it is eaten back to within Ϸ3.8 cm (1.5 in.) of the stalk. For those brace roots initiated from the stalk above the soil, a root is considered pruned if it is eaten back to within Ϸ3.8 cm (1.5 in.) of the soil line.
The linearity of the node-injury scale provides some ßexibility in how injury scores are assigned, depending on the level of precision desired. For a very precise injury evaluation, the number of pruned roots on each node are counted and divided by the total number of roots on each respective node. The scores from each node are then summed to calculate the Þnal nodeinjury score for the entire root system. When evaluating experiments that require scoring hundreds or thousands of roots, however, the time required to achieve this level of precision should be weighed against the level of precision required. We have adopted a more practical method for implementing the scale that achieves a precision level much higher than previous rating scales provide in the critical range between one root and one node of roots pruned. This method assigns root scores at quarter-node injury increments, except for minor feeding injury, and is presented in Table 3 .
A description of assigning node-injury scores to roots from an insecticide screening trial by using this method follows (same corn hybrid used throughout test). First, select several random roots from the test and calculate the average number of roots per node for those nodes where injury occurs. The number of roots contained on identical nodes can differ between corn Table 1 . Historical rating systems developed for evaluating corn rootworm larval injury to corn roots Iowa 1Ð 6 root damage rating system a hybrids and numbers also can be inßuenced by environmental conditions. Next, examine the root system and determine whether one node of roots has been eaten (pruned to within Ϸ3.8 cm [1.5 in.] of the stalk). For example, if 10 roots were pruned on a node containing an average of 10 roots and no additional injury was observed on any other node(s), a score of 1.00 would be recorded. If there were additional pruned roots on another node, that amount would be added to 1.00; e.g., six additional pruned roots on a node containing an average of 12 roots would equal 0.50 and the Þnal node-injury score would be 1.50 (1.00 plus 0.50). In another example, if half the roots were pruned on each of two different nodes, the nodeinjury score would be 1.00; injury is additive between nodes. If less than one node of roots has been pruned, work backward by quarter-node increments to determine the proportion of that node pruned, i.e., 0.75, 0.50, 0.25. Minor feeding of Ͻ0.25 would be represented by scores of 0.10, 0.05, 0.02, and 0.00. Injury scores are essentially halved from 0.25 to 0.00. A score of 0.10 would most often be recorded when one pruned root was observed (Table 3) . Minor feeding of less than one pruned root has always been difÞcult to evaluate and standardize with any root rating scale. Node-injury scores of 0.05 and 0.02 are also subjective, but they are assigned to reßect the linearity of minor feeding to an entire root system. A score of 0.05 is assigned when there is severe scarring or when only the tips of several roots are injured on the entire root system. A score of 0.02 is assigned when only very light scarring and/or channeling (shallow grooves on the outside of a root) and/or tunneling is observed, i.e., the root system is not perfect. A score of 0.00 would represent no corn rootworm larval feeding to any part of the root system.
In most insecticide screening trials, the majority of pruning is typically observed on the Þfth and sixth nodes. In general, two to three pruned roots on either of these nodes would represent a node-injury score of 0.25. When evaluating injury to the brace roots (those roots initiated above the soil surface, typically above the sixth node), make certain they have penetrated the soil before assessing injury. Due to the increased number of roots on these higher nodes, two to three roots pruned back to the soil line would most likely represent an injury score of 0.10 or less.
Linearity of the Node-Injury Scale
An advantage of the node-injury scale is the linear relationship between the numerical scale and the amount of root injury. The 1Ð 6 and 1Ð9 scales are nonlinear, resulting in injury scores being expressed only qualitatively rather than quantitatively. The node-injury scale is quantitative and the relationship between root injury and the scale can be linear. This improves precision and accuracy of root-injury evaluation. When roots are evaluated with the node-injury scale (Table 4) , it is easy to identify a two-fold increase in injury between treatment D (score of 0.31) and treatment H (score of 0.62). The 1Ð 6 scale, however, gave scores of 2.80 and 3.13, respectively, which does not demonstrate that twice as much injury has occurred at the higher rating. The 1Ð 6 scale also has limitations when interpreting root injury. Although a 4.00 rating viewed in efÞcacy tables is often thought of as just one node injured, injury can range from 1.00 to 1.99 nodes pruned. An average 4.00 would be much closer to 1.50 nodes pruned than 1.00 node. The illustration shows that the entire Þfth node of roots and half of the roots on the sixth node were pruned by rootworm larvae. Hence, this root would receive a score of 1.50 by using the node-injury scale (illustration of corn root system; copyright 2000 David C. Killpack/IlluminationStudios.com). Two complete nodes pruned 3.00
Three or more complete nodes pruned (highest rating that can be given)
Damage in between complete nodes pruned is noted as the percentage of the node missing, e.g., 1.50 ϭ 1 1 ⁄2 nodes pruned.
Application of the Node-Injury Scale
The most common experimental design for evaluating root injury is a randomized complete block, replicated three to six times, with 1Ð 4-row treatments at several locations (Mayo 1986 ). The number of roots sampled and the distance between root samples within a row is often determined arbitrarily. Because the node-injury scale is linear and quantitative, the number of samples required and the distances between samples can be calculated using common statistics and geostatistics. Using the node-injury scale to score injury from a range of naturally infested commercial Þelds sampled at a 0.2-m (7.9-in.) interval, Park (2003) reported that root injury was spatially aggregated and that the minimum sampling distance to obtain independent samples of root injury was Ͼ1 m (39.4 in.) apart within a row. This indicates that when sampling whole Þelds, at least four or Þve consecutive plants The variance of root injury evaluated on the nodeinjury scale differs depending on the overall average root injury level in the plot. In this case, one way to calculate sample size is to use TaylorÕs power law (Taylor 1961) to estimate the relationship between mean and variance over an entire range of means (Buntin 1994) . We used Þve-years of data from Iowa insecticide efÞcacy trials to establish a relationship between levels of node injury and sample size. Root injury was scored on quarter-node increments as described above. The regression equation was log(s 2 ) ϭ Fig. 2 . Number of samples needed at various precision levels when root injury is evaluated on the node-injury scale. For example, if injury in the untreated control averaged 1.50 on the node-injury scale, one would need to sample approximately four roots to be within 20% of the true mean. Two full nodes pruned ϩ additional injury to a third node (calculated from shaded area above) 2.50 2.75 3.00 a Root(s) pruned to within Ϸ3.8 cm (1.5 in) of the stalk (or soil line on roots coming from above ground nodes). a Means within a column followed by the same letter are not signiÞcantly different (RyanÕs Q-test; P Ͼ 0.05, n ϭ 40). 0.6187 ϩ 1.6236 log(m) (r 2 ϭ 0.87), where s 2 is variance and m is expected root injury evaluated on the node-injury scale. When precision is expressed as the proportion of standard error to the mean value, the required number of roots to be evaluated can be cal-
, where N is the number of roots required to satisfy a given precision (D) and mean root injury (m) on the node-injury scale, a is the antilog of the intercept and b is the slope of the regression from the TaylorÕs power law, respectively (Fig. 2) . For example, if the node-injury score averaged 1.00 for a treatment, Þve samples would be required to have 95% conÞdence that your node-injury estimate was within 20% of the true treatment mean (Fig. 2) . These data also demonstrate that when injury is very low (0.25 or less), it is nearly impossible to achieve a precision level Ͼ20% because of the large sample size required.
In insecticide efÞcacy trials, the ability of a product to "consistently" provide protection is important. By using individual root injury scores, the node-injury scale allows us to calculate a precise product consistency value. Product consistency equals the percentage of times a treatment provided root protection at or below a set level of injury. For example, setting 0.50 node injury or less as a consistency benchmark, a product with individual node-injury scores of 0.50, 0.50, and 0.50 would be 100% consistent. A product receiving scores of 0.25, 0.50, and 0.75 would be 66% consistent. Depending on the performance standards required of a product, consistency benchmarks can be set accordingly.
Discussion
Given that the node-injury scale is linear and quantitative, the relationship between yield reduction and root injury evaluated on the node-injury scale can be established. We used data from Iowa insecticide efÞ-cacy tests conducted at nine locations over 4 yr (2000 Ð 2003) to establish the relationship between yield reduction and root injury evaluated on the node-injury scale. Injury in the untreated plots at these locations ranged from 0.12 to 2.25. Grain yield from six of nine locations was machine harvested. Yield was measured from either single-or two-row plots that ranged from 8.5 to 30.5 m in length, replicated four to nine times depending on space available. Grain yield at the remaining three locations was measured by hand-harvesting ears from single-row plots that were 5.3 m in length and replicated four times. Ear weights per plot were converted to bushels of no. 2 shelled corn at 15.5% moisture. When we pooled all the data across locations and years, the relationship was yield (kilo- Fig. 3 . Relationship between yield and root injury evaluated on the node-injury scale under three environmental stress levels: A, low; B, medium; and C, high. grams per hectare) ϭ Ϫ3.46 ϫ root injury ϩ 1573.67 (df ϭ 1, 1193; P Ͻ 0.01), but only 11.4% of the variability in yield was explained by root injury. The poor relationship between injury and yield most likely resulted from some locations with favorable environmental conditions that allowed the plants to compensate and prevent injury from having its maximum inßuence on yield (Spike and Tollefson 1989 , Gray and Steffey 1998 , Nowatzki et al. 2002 . Thus, we selected three locations with similar rootworm feeding pressures (approximately two nodes pruned in the untreated check) that had what we considered low, medium, and high environmental stress conditions (Idso et al. 1980 ). Here, a stress degree-day (SDD) represents the accumulation of heat units above a threshold temperature of 30ЊC during a 24-h period. Temperatures above 30ЊC inhibit the crop productivity (Gilmore and Rogers 1958, Cross and Zuber 1972) . A 2002 yield test (machine harvested) located at Nashua (northeastern Iowa) had a low heat stress level (11.7 SDD) and received more than adequate rainfall during the July pollination period. Yield reduction was very low even with a high level of root injury (Fig. 3A) . In contrast, a 2002 Crawfordsville site (southeastern Iowa, hand-harvested), suffered from extreme heat stress (31.7 SSD) and moisture stress during pollination. This location showed that yield was reduced exponentially as root injury on the nodeinjury scale increased (Fig. 3C) . A 2003 Crawfordsville site (hand-harvested) had a heat stress level midway between the other two sites (21.7 SDD), and received limited rainfall during pollination (Fig. 3B) .
The relationship between nodal injury and lodged plants under the three environmental stress levels also was investigated. A wind/rain storm responsible for the majority of lodging at sites A and C occurred on 28 July. At the high environmental stress level, corn plants were more susceptible to lodging (Fig. 4C) . Table 5 lists key agronomic and environmental variables from the three sites.
From the root injury-yield reduction relationships (Fig. 3) , the minimum node-injury scores that cause economic damage were calculated by modifying the equation for the EIL. The EIL can be calculated as,
where C is management cost, V is market value, I is root injury caused by a corn rootworm larva, D is yieldÐroot injury relationship, and K is the proportion of total damage averted by the timely application of a management tactic. To calculate the minimum node-injury scores that cause economic damage, we removed the term I (i.e., root injury per corn rootworm) from the EIL equation because the relationship between rootworm density and root injury evaluated with the node-injury scale is not known (i.e., the minimum node-injury scores that cause economic damage ϭ C/(V ϫ D ϫ K)). D was inferred from the regressions in Fig. 3 where the slopes in the regressions represent the reduction in yield Minimum root injury for the low heat stress condition (11.7 heat stress degree-days) were much higher than the node-injury scale measures (node-injury scores were Ͼ4.94 within the ranges of C and V tested), so an economic reduction in yield at this stress level was not detected.
(kilograms per hectare) per unit node-injury scale increase. Because D was nonlinear under high environmental stress (Fig. 3C) , we used the slope from the linear portion in the regression where the range of the node-injury scale is 0.00 Ð1.50. An average of one node of root injury caused a yield reduction of Ϸ36.77 kg/ha (0.59 bu/acre), 477.71 kg/ha (7.6 bu/acre), and 1,400.60 kg/ha (22.3 bu/acre) under low, medium, and high environmental stress conditions, respectively (Fig. 3) . A conservative value of K ϭ 1 was used in all three calculations. Tables 6 and 7 present minimum node-injury scores that cause economic damage, based on moderate and high environmental stress levels, respectively. Under the low heat stress condition, minimum node-injury scores that cause economic damage are much higher (score of Ͼ4.94 within the ranges of C and V given) than the node-injury scale measures, so yield reduction due to root injury may not be detected. Under the high heat-stress condition, minimum node-injury scores causing economic damage are Ϸ3 times lower than those under the moderate heat stress condition (Tables 6 and 7) . Also, Ͼ50% of the corn plants were lodged when high node-injury scores were observed (Fig. 4C ). This test was hand harvested. However, minimum node-injury scores likely would have been lower if the test had been machine harvested; grain from lodged plants is often lost during machine harvesting.
As demonstrated above, the relationship between corn rootworm injury and reduction in grain yield is complex and likely inßuenced by many variables. It is important to note the minimum node-injury scores that cause economic damage presented here are based on data from only three locations and only two hybrids. Although not comprehensive, these calculations do establish benchmarks above which economic reductions in yield are likely for root scores on the node-injury scale under varying degrees of environmental stress. Understanding these relationships should improve interpretation of root scores evaluated on the node-injury scale. Additionally, these data should provide direction for future research aimed at establishing more comprehensive EILs on the nodeinjury scale.
Node-injury scale scores can be converted to Iowa 1Ð 6 scale scores. This may be important for those wanting to combine results with historical root-injury data collected on the Iowa 1Ð 6 scale. However, the conversion of injury must be consistent with how an individual interprets the Iowa 1Ð 6 scale. A particular problem is the interpretation of "one pruned root." Is one pruned root a 2 or a 3? The Iowa 1Ð 6 scale (Table  1) is deÞcient in assigning this injury a score. A 2 description reads ". . . no roots eaten off to within 3.5 cm (1.5 inch) of the plant," whereas a 3 reads "several roots eaten off to within 3.5 cm (1.5 inch) of the plant . . ." If one converts a node-injury score of 0.10 (for example, one pruned root on a node with 10 roots), it could be called a 2 or 3 on the 1Ð6 scale. This becomes especially important if a 3 is viewed as the economic threshold on the 1Ð 6 scale. Conversely, because large categories of injury are represented by the Iowa 1Ð 6 scores of 3, 4, and 5 (each represents an injury range of approximately one node), Iowa 1Ð 6 scores cannot be converted back to the more precise node-injury scores (injury increments of quarternode or less).
The node-injury scale can be viewed on the interactive node-injury scale Web page at http://www.ent. iastate.edu/pest/rootworm/nodeinjury/nodeinjury. html. The computerized root injury illustrated at this site demonstrates how the node-injury scale quantiÞes progressive feeding by corn rootworm larvae. The actual sequence of feeding will vary visually depending on a variety of conditions such as planting date, corn variety, degree-days, soil moisture, insecticide application and placement, genetically engineered corn with plant-incorporated protectants, and soil conditions. The soil line in the illustrated root approximately bisects the sixth node, and all roots below ground (before rootworm feeding) are pictured as white (simulated rootworm feeding turns the root dark). To depict an actual evaluation, the root system is shown with the root tips facing upward. The injury to the roots on the lower numbered nodes is more easily observed with the root upside down.
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